Introduction: Although single-suture craniosynostosis is diagnosed sporadically during pregnancy, timely referral is critical for its treatment. Additionally, craniosynostosis leads to increased maternofetal trauma during birth. In the Netherlands, 95% of pregnant women receive a standard ultrasound at around 20 weeks of gestation, potentially an ideal setting for detecting craniosynostosis prenatally. To enhance the prenatal detection of the metopic and the sagittal suture synostosis, we wished to identify new screening parameters. Materials and methods: We retrospectively analyzed data of the 20-week anomaly scan in trigonocephaly patients (n ¼ 41), scaphocephaly patients (n ¼ 41), and matched controls (n ¼ 82). We measured six different cranial dimensions, including head circumference, biparietal diameter, and occipito-frontal diameter, defining the cephalic index as the ratio between biparietal and occipito-frontal diameter. Results: Prenatal biometric measurements did not differ significantly between trigonocephaly patients and controls. Although significantly lower in scaphocephaly patients (0.76 versus 0.79; p ¼ .000), the cephalic index by itself is not appropriate for screening at 20 weeks of gestation. Longitudinal analysis suggests that a deflection in BPD curve is found in scaphocephaly patients, starting at 20 weeks of gestation. Conclusions: Prenatal biometric measurements do not differ significantly between trigonocephaly patients and controls. The CI is lower in scaphocephaly patients. A deflection in BPD curve should be followed by 3 D imaging of the cranial sutures.
Introduction
During normal development, skull development starts with the formation of bone centers within the membranous anlage, covering the brain. From these, calvarial bones enlarge by ongoing ossification at the edges and cranial suture development starts at the sites where the bones come in close proximity. While open, the cranial sutures are the major sites of calvarial growth [1] . Normally, the metopic suture is completely fused at one year of age. The sagittal suture, however, remains open throughout the youth and eventually closes at 22-24 years of age [2] . Premature fusion of a suture is known as craniosynostosis and results in an altered head shape and increased risk of elevated intracranial pressure ( Figure 1 ). The process of premature fusion is known to start at 15 weeks of gestation for trigonocephaly and at 18 weeks for scaphocephaly [1] .
In 24% of patients, craniosynostosis is accompanied by additional anomalies (syndromic craniosynostosis). In the remaining 76% of patients, craniosynostosis is the only finding, referred to as the isolated form [3] . The two commonest isolated forms are sagittal suture synostosis, called scaphocephaly for its resulting deformity, with an incidence of 1:3000 live births, and metopic suture synostosis, called trigonocephaly, with an incidence of 1:4500 live births [4] . Neuropsychological development of children with single suture craniosynostosis is affected [5] . Early surgery (before 6 months of age) may possibly prevent this to some extent [6] .
As routine part of free accessible antenatal care in the Netherlands, a 20-week anomaly scan is offered to all pregnant women and 95% chooses to participate [7] . Apart from the syndromic forms, isolated craniosynostosis is detected only sporadically during prenatal ultrasound and, if so, in the third trimester [8] .
An important function of the cranial sutures is to enable molding of the skull when passing through the birth canal [9] . Craniosynostosis may interfere with this natural adaptive process and preclude a normal birth. A higher rate of vaginal breech deliveries and secondary cesarean sections, compared to the general population, has been reported among neonates who were diagnosed with craniosynostosis after birth [10] . Prenatal detection of craniosynostosis could anticipate delivery complications and would enable timely, wellanticipated and on average less invasive treatment and therefore less risk and subsequent complications.
This study aims to identify new ultrasound-based screening methods to enhance prenatal detection of sagittal and metopic suture synostosis. We retrospectively analyzed in a blinded fashion prenatal ultrasound scans performed between 18 and 22 weeks of gestation of 41 scaphocephaly patients, 41 trigonocephaly patients, and their matched controls. To our knowledge, this is the first study to investigate the prenatal ultrasound detection of the selected types of singlesuture craniosynostosis in a large cohort with their matched controls.
Materials and methods
The Erasmus University Medical Center's medical ethical board approved this study (MEC-2013-293) . Patients who were treated for scaphocephaly or trigonocephaly from 2006 to 2013 in the Sophia Children's Hospital in Rotterdam, the Netherlands, were identified. Exclusion criteria were twin pregnancy, a syndromic diagnosis and incomplete follow-up to surgery. Parents of all included patients were asked to provide permission to retrieve ultrasound data and images of the 20-week anomaly scan for the purpose of this study.
Matching
For all patients of whom ultrasound images were available of the 20-week anomaly scan a matched control was obtained. The control population was provided by the "Foundation Prenatal Screening, south-west region of the Netherlands", which is responsible for the quality assurance and audit program of 20-week prenatal screening in the South-West region of the Netherlands (approx. 2.5 M inhabitants). Exclusion criteria for the control scans were presence of structural anomalies and twin pregnancy. Patients and controls were matched on gestational age (maximum discrepancy of 6 days) and fetal presentation at the 20-week anomaly scan, as breech position may have an effect on BPD [11] . For each case, one control was obtained.
Biometrics
Biometric measurements performed during the 20-week anomaly ultrasound examination included head circumference (HC), biparietal diameter (BPD), occipitofrontal distance (OFD), trans-cerebellar diameter (TCD), inner and outer orbital distance (IOD and OOD), and cephalic index (CI). HC, BPD, and OFD were all measured in the standardized axial plane of the cranium [12] . For HC, an ellipse was drawn around the outline of the skull, BPD was measured at the outerouter diameter perpendicular to the midline and OFD was an anteroposterior measurement from outer skull to outer skull. For TCD, the distance between the outer lateral edges of the cerebellum was measured in the suboccipito -bregmatic plane [9, [12] [13] [14] . The IOD was measured between the inner side of the medial margins of the orbitae and the OOD was measured between the inner sides of the lateral margins of the orbitae. All primary measurements were in the absence of any adjuvant information. The CI was calculated as the BPD/OFD ratio [13] . Norm values were derived from Chitty et al. [13] . One expert reviewer (I.A.), blinded for the diagnosis, reviewed all original measurements, substituting missing or manifest incorrect values by measurements using the standard Astraia Software for Women's Health, Obstetric and Gynaecological Database, which allows importation and recalibration of images prior to making measurements.
Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics v21 (Armonk, NY). For the biometric measurements, we performed a paired samples t-test, as advocated for case-control studies, matched in a 1:1 fashion, by Niven et al. [15] . The intention was an exploratory analysis. Threshold for testing was p ¼ .05.
Bonferroni's correction was applied to correct for multiple testing. To explore the potential for diagnostic use of the biometric measurements, in particular the cephalic index, we constructed a ROC curve. The yield of the cephalic index was established on various cutoff points; in particular, we explored whether above a particular threshold a substantial number of cases were included (screening purpose).
Results
A total of 272 craniosynostosis patients were found eligible and were approached for participation. In total, 74 metopic suture synostosis patients and 130 sagittal suture synostosis patients returned the questionnaire (Figure 2) .
Of the participating patients, median (postnatal) age at referral to our center was significantly higher for trigonocephaly compared to scaphocephaly (5.1 versus 3.2 months, p ¼ .003, Table 1 ). None of the participating patients was diagnosed prenatally.
Ultrasound images of the 20-week anomaly scan were digitally available in 41 out of the 74 trigonocephaly patients and in 41 out of the 130 scaphocephaly patients. Baseline and matching data are shown in Table 2 . In both patient groups, 93% of the pairs were matched with a maximum difference of one day. Maximum difference in gestational age between case and control at time of prenatal ultrasound was six days.
Biometrics
An example of both a trigonocephaly and scaphocephaly patient's 20-week anomaly scan is shown in Figure 3 . Table 3 samples t-test for the biometric data. In the trigonocephaly group, no significant differences were found. In scaphocephaly patients, the cephalic index is significantly lower than in its matched control group (mean 0.76 versus 0.79; p < .001). Bonferroni's correction implied that the threshold for significance was a p value of .007.
To assess the diagnostic value of the cephalic index in scaphocephaly patients, a ROC curve was plotted resulting in an area under the curve of 0.70, indicating a fair diagnostic test (Figure 4) . Table 4 shows the different test characteristics for various cutoff values. The discriminative power, in terms of the positive likelihood ratio, is maximal (6.4) at CI ¼0.73.
For eight scaphocephaly patients, additional ultrasound images at the late second and third trimester were available. HC, BPD, OFC, and CI were measured to explore the change of these parameters during fetal development ( Figure 5) . A notable deflection in the BPD-curve, compared to the norm population, was noted. Two out of the eight patients were in breech position at the time of their last scan.
Discussion
Scaphocephaly patients showed a significant lower cephalic index at 20 weeks gestation compared to controls. Theoretically, this morphological parameter can lead to earlier diagnosis of scaphocephaly. At the 20-week anomaly scan, biometric measurements in patients with metopic suture synostosis did not differ from controls, despite the difference in time of onset between metopic and sagittal suture synostosis (15 versus 18 weeks of gestation, respectively). Previous studies have shown an increased biparietal diameter in metopic suture synostosis patients before operation. In our data, this was not found statistically significant prenatally [16, 17] . We hypothesize the following mechanism to be responsible: the increase of BPD in metopic suture synostosis patients is a secondary, compensatory, effect after metopic suture synostosis. In contrary to the decrease of BPD in scaphocephaly patients, which is a primary effect following sagittal suture craniosynostosis. Therefore, we would expect the enlarged BPD in trigonocephaly to become visible at a later stage. Although single-suture craniosynostosis is diagnosed most often in the first year of life, its pathology starts in the early second trimester, with fusion of the sutures, resulting in bone-center displacement [1, 18] .
Our study shows the effect of the developing singlesuture craniosynostosis on biometric measurements of the skull, particularly the CI, during the second trimester of pregnancy.
The CI was introduced in 1987 to detect fetuses with Down's syndrome who were often more brachycephalic than normal infants [19] . Numerous follow-up studies, however, showed CI to be insufficiently reliable to screen for Down's syndrome prenatally, hence its use in prenatal screening was discarded [20] . However, this study suggests that CI may have a role in prenatal screening for scaphocephaly.
To assess the diagnostic value of the CI in screening for scaphocephaly, we constructed a ROC curve. The positive likelihood ratio was maximal (6.4) at CI ¼0.73. This implies a more than six-fold risk increase for scaphocephaly if CI is less than or equal to 0.73. While a positive likelihood ratio of more than six in general terms is a promising figure in screening, the clinical importance in scaphocephaly is mainly decided by the prevalence of the condition (1:1600 live births) [4] . The rarity of the condition implies that even among the selected screen positives, scaphocephaly would be uncommon. A "watchful waiting" policy after a positive screen would imply a stressful period for the parents. It is clear that the discriminative power of the CI at 20 weeks of gestation is too limited to solely rely on this early single measure.
Several strategies for improvement can be considered. An obvious strategy is to take advantage of the fact that craniosynostosis is an ongoing process. As numerous studies reported a pre-operative cephalic index of scaphocephaly infants of approximately 0.67 at the age of 5-6 months suggesting continued CI decrease over time, we expect a substantial gain in discrimination with a repeated measurement [21] [22] [23] . The repeat scans, executed for growth assessment, in eight fetuses with postnatally diagnosed scaphocephaly confirm this hypothesized continued decrease of BPD and CI ( Figure 5 ). As only two out of the eight fetuses were in breech position at the time of the scan, we assess this has not played a role in these curves.
A second strategy is to combine biometric information with independent other diagnostic information, either scan related or otherwise. Recently, the "brain shadowing sign" has been suggested as an independent novel marker of craniosynostosis [24] . If truly independent as marker, it could improve discriminatory power if it is added to CI information, like the 1st trimester combination test where the combination of several parameters increase the discriminative power of the test [25] . The presence of the brain shadowing sign can, however, easily be missed in a routine clinical setting, hence field testing must show its additive value. A third strategy is to add routine measurement of cranial sutures with 3 D-ultrasound [26] [27] [28] . However, 3 D-imaging of the cranial sutures for screening purposes is not feasible as it is time-consuming and highly demanding in terms of expertise. While a defined deflection of BPD or CI justifies further diagnostic imaging, such as 3 D imaging of the cranial sutures, this so far does not seem a feasible part of screening.
Third trimester ultrasound is becoming more common to assess fetal growth and provides a chance for the above-mentioned strategy concerning repeated measurements. When the third trimester ultrasound shows a deflection in BPD or CI curve it should be followed by 3 D-imaging of the cranial sutures [26] . However, before advocating the routine assessment of skull parameters at the third trimester ultrasound in order to detect craniosynostosis, the findings of the present study should first be validated in a larger population.
We finally discuss the potential benefits of early diagnosis. In our view, at least there are three. The first was already mentioned: adequate risk management of delivery, as complicated births may be expected [10] . Secondly, prenatal diagnosis enables psychological anticipation. In a recent paper parents, after the first shock, were shown to value the possibility of anticipation and precise treatment planning [29] . Thirdly, scaphocephaly infants are at non-trivial risk for developing increased intracranial pressure and timely treatment is of undisputed benefit. Early referred infants in our center are treated with a spring-assisted cranioplasty between 4.5 and 6 months of age to prevent this complication. At a later age, treatment consists of a total-vault remodeling procedure, which entails a slightly poorer neurodevelopmental outcome, a prolonged hospital stay and greater blood loss [23] . To be able to perform surgery within the preferred period, a referral at a minimum of 6 weeks before maximum age at operation is required. This implies that scaphocephaly patients should be referred before 4.5 months of age. Our Figure 5 . Longitudinal growth curves Growth curves of the HC, BPD, OFD, and CI of eight scaphocephaly patients in which additional ultrasounds were available. Norm curves are derived from Chitty et al. [13] . None of the patients were diagnosed prenatally.
results show that 24% of scaphocephaly patients is referred too late to be operated on in time according to our center's treatment protocol. In principle, prenatal detection of single-suture craniosynostosis allows early referral to a craniofacial team and would prevent late surgery.
This study has a number of limitations. Some of these are intrinsic: craniosynostosis is a rare disease and even with national centralization in two centers in the Netherlands, study numbers are limited. Also, the retrospective design clearly contributes to further limitation of numbers. Twenty-five percent of patients (68 out of the 263) could not be reached, refused to participate or did not return the questionnaire in time. Additionally, although the 20-week anomaly scan was officially introduced in 2007 and required the storage of images, ultrasound images could only be retrieved for 82 out of the 204 participating patients. We note that the number of retrievable ultrasound studies was less prior to 2009, as also reported by our audit of the prenatal screening program in our region [30] . The same protocol was followed in both patient groups, therefore we do not have a logical explanation for the difference in number of retrievable ultrasounds between scaphocephaly (41/130) and trigonocephaly (41/74). As all trigonocephaly and scaphocephaly patients were approached for inclusion and all cases were detected postnatally, selection bias most likely did not affect our results.
In conclusion, this study presents a first step towards the prenatal diagnosis of single-suture craniosynostosis. At this stage, the cephalic index is not suitable for screening on scaphocephaly at 20 weeks of gestation. A repeat measurement at a third trimester ultrasound is promising and subject to future research. A deflection of the BPD or CI curve at third trimester ultrasound should be followed by 3 D-imaging of the cranial sutures.
